Introduction {#s1}
============

Despite a wide range of therapeutic approaches, myocardial infarction (MI) continues to be a major cause of significant morbidity and mortality worldwide[@pone.0080342-Braunwald1]. Coronary microcirculation dysfunction is a primary etiological component of myocardium ischemic injury. Cardiac microvascular endothelial cells (CMECs), comprising up to one-third of the total heart cells, play a critical role to keep coronary microvessels (diameter\<150 µm) and adjacent cardiomyocytes in normal condition[@pone.0080342-Li1]. Moreover, previous evidences suggest that CMECs malfunction and apoptosis induced by hypoxia injury actually precedes cardiomyocyte apoptosis[@pone.0080342-Scarabelli1]. However, the mechanism of CMECs dysfunction induced by hypoxia injury is still not clear.

Oxidative stress, which is associated with increased formation of reactive oxygen species (ROS), contributes to the pathophysiology of hypoxia injury[@pone.0080342-Millar1], [@pone.0080342-Guzy1]. Increased ROS accumulation leads to proteins, nucleic acids and intracellular membranes modifications, subsequently inducing impairing cellular functions[@pone.0080342-Prabhakar1]. Furthermore, high level of ROS can also result in apoptosis by intrinsic death pathway[@pone.0080342-Kim1]. Therefore,understanding the intracellular mechanism that regulates ROS formation is important to protect CMECs from hypoxic injury.

FoxO transcription factors, including FoxO1(FKHR), FoxO3 (FKHRL1), FoxO4 (AFX) and FoxO6, belong to the forkhead transcription factors, which have been implicated in regulating diverse cellular functions[@pone.0080342-Accili1], [@pone.0080342-vanderHorst1]. Previous studies have demonstrated that Akt, the serine/threonine kinase, phosphorylates FoxO transcription factors on distinct threonine and serine residues, which stimulate FoxOs export into the cytoplasm binding with 14-3-3 protein and eventual proteasomal degradation[@pone.0080342-Skurk1], [@pone.0080342-Arden1]. In addition to Akt, FoxOs can also be subjected to a complex regulation in response to starvation or oxidative stress. Previous study showed that FoxO1 and FoxO3a, co-expressed in endothelial cells, are regulated by hypoxia [@pone.0080342-Samarin1]. Therefore, the present study was designed to dissect the mechanisms that regulate ROS formation and apoptosis and to elucidate the potential role of FoxOs on the hypoxic injury in CMECs.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Adult male Sprague-Dawley (SD) rats (100--125 g) were purchased from the animal centre in the Fourth Military Medical University. Rats were housed in a temperature-controlled animal facility with a 12-hour light/dark cycle, with tap water and rodent chow provided ad libitum. The experiments were performed in adherence with the National Institutes of Health Guidelines on the Use of Laboratory Animals and were approved by the Fourth Military Medical University Committee on Animal Care.

Isolation, Culture and Identification of CMEC {#s2b}
---------------------------------------------

CMECs were isolated according to a standard protocol as described previously[@pone.0080342-Zhang1]. Briefly, rats were euthanized by cervical dislocation after anesthesia with 5% isoflurane, and were placed in 70% ethanol for 5 minutes. Then, the hearts from adult male SD rats were removed under sterile conditions. After modifications, the left ventricle was immersed in 75% ethanol for 10 s to devitalize epicardial and endocardial endothelial cells. The tissue was minced and digested with 0.02% collagenase type II for 10 min and 0.025% trypsin for 10 min at 37°C. After centrifugation at 1000 rpm for 10 min, the dissociated cells were resuspended in Dulbecco modified Eagle medium (Invitrogen, Cambridge, MA) supplemented with 15% fetal calf serum (FCS) and plated on laminin (10 mg/mL) coated dishes.

CMECs were positively identified by Dil-acetylated low-density lipoprotein uptake assay. 3^rd^ -passage CMECs were used for the further studies to avoid contamination with other cell types. After confluence, media were replaced to different conditions, including normal glucose medium (5.5 mmol/L) and high glucose medium (25 mmol/L).

Hypoxia injury {#s2c}
--------------

CMECs were stimulated with hypoxia injury as described previously[@pone.0080342-Zhang2]. Briefly, after being replaced by Hanks buffer, CMECs were exposed to hypoxia (94% N~2~, 5% CO~2~, 1% O~2~) in an anaerobic system (Thermo Forma) at 37°C for 2 h, 4 h, 6 h, 12 h and 24 h respectively. In the control group, CMECs were maintained at normoxia (95% air, 5% CO~2~) condition.

Measurement of ROS production in CMECs {#s2d}
--------------------------------------

Generation of ROS in CMECs was visualized using the GENMED intracellular ROS red fluorescence determination kit (GENMED, Shanghai, China) according to the manufacturer\'s instructions. Then, 4,6-diamidino-2-phenylindole (DAPI) was stained for the identification of nucleus. Images were acquired and analyzed with Image-Pro Plus software version 6.0. The mean fluorescence intensity of each cell was calculated, and the total cell emission signals per field were averaged for data analysis.

siRNA Transfection {#s2e}
------------------

Cultured CMECs were transfected with HIF-1α siRNA (sense 5′-GCC ACU UCG AAGUAG UGC U), FoxO3a siRNA (sense 5′-GCU CUU GGU GGAUCA UCA A) or corresponding scrambled oligonucleotide control RNA for 6 h using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. Transduction efficiency was analyzed 24 h after transduction by flow cytometry and fluorescence microscopy.

Terminal deoxynucleotidy1 transferase-mediated dUTP nick end-labeling (TUNEL) assay {#s2f}
-----------------------------------------------------------------------------------

The apoptosis of CMECs was confirmed by the TUNEL assay using an assay kit (In Situ Cell Death Detection Kit; Roche Diagnostics) according to the manufacturer\'s instructions[@pone.0080342-Zhang2]. Briefly, after hypoxia injury, CMECs were incubated with TdT and fluorescein-labelled dUTP for 45 min at 37°C followed by DAPI staining for the identification of nucleus. The percentage of apoptotic cells was termed as apoptotic index. All of these assays were performed in a blinded manner.

Immunofluorescence Staining for FoxO3a {#s2g}
--------------------------------------

To determine FoxO3a localization in CMECs, immunofluorescence assay was performed as described previously[@pone.0080342-Zhang2]. Briefly, CMECs were fixed with 4% paraformaldehyde and permeabilized using 0.2% Triton X-100 for 20 min at room temperature. CMECs were incubated with anti-FoxO3a antibody (1∶200) at 4°C overnight followed by second antibody conjugated with FITC. Finally, DAPI was stained for the identification of nucleus. Images were acquired with a fluorescence microscope (NIKON Diaphot, Nikon, Tokyo, Japan).

RNA extraction and Real-time Polymerase Chain Reaction (RT-PCR) analysis {#s2h}
------------------------------------------------------------------------

Total RNA was extracted from CMECs using TRIZOL reagent (Invitrogen) in accordance with the manufacturer\'s protocol. After reverse-transcribed, cDNA samples were synthesized using the Quantscript RT Kit (TianGen) and were subjected to polymerase chain reaction (PCR) amplification (see [Methods S1](#pone.0080342.s003){ref-type="supplementary-material"}).

Western blot assay {#s2i}
------------------

The expressions of HIF-1α, FoxO3a, FoxO1,BimEL and BclxL in CMECs were assessed by Western blotting following standard protocol[@pone.0080342-Sun1]. Equal amounts of protein (50 µg/lane) were separated by electrophoresis on 12% SDS-PAGE gels for 90 min at 120 V and sequentially electrophoretically transferred to nitrocellulose (NC) membranes. After blocking, NC membranes were subjected to immunoblotting with primary antibodies over night at 4°C. After incubated with appropriate secondary antibody conjugated with horseradish peroxidase, blots bands were visualized with an enhanced chemiluminescene system (Amersham Bioscience). Densitometric analysis of Western blots was performed using VisionWorks LS, version 6.7.1.

The following primary antibodies were used: HIF-1α (1:500, Santa Cruz Biotechnology), FoxO3a (1∶1000, Cell Signaling Technology), FoxO1(1∶1000, Cell Signaling Technology),BimEL(1∶500, Cell Signaling Technology) and BclxL(1∶500, Cell Signaling Technology). Secondary antibodies were horseradish peroxidase--conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) at 1∶5000 dilution.

Statistical analysis {#s2j}
--------------------

The results are presented as mean ± SEM. Statistics were calculated using Prism 5.0 (GraphPad Software Inc, San Diego, CA, USA). Statistical comparisons for different groups were performed using either the Student\'s t test or one-way ANOVA. *p* values \<0.05 were considered statistically significant.

Results {#s3}
=======

Characterization of CMECs {#s3a}
-------------------------

Confluence CMECs displayed typical "flagstone" morphology ([Fig. 1A](#pone-0080342-g001){ref-type="fig"}). Cells exhibited positive on Dil-acetylated low-density lipoprotein intake assay ([Fig. 1B](#pone-0080342-g001){ref-type="fig"}). The representative immunofluorescence image demonstrated that CMECs express CD31 ([Fig. 1C](#pone-0080342-g001){ref-type="fig"}).

![Characterization of CMECs.\
A, Confluent CMEC monolayer presents cobblestone morphology (scale bar:20 mm). B¸ CMECs uptook Dil-acetylated low-density lipoprotein (Dil-Ac-LDL) (red, Dil-Ac-LDL; blue, DAPI). C, CMECs express CD31.](pone.0080342.g001){#pone-0080342-g001}

Hypoxia increased ROS production and apoptosis of CMECs {#s3b}
-------------------------------------------------------

ROS production, an index of oxidative stress, was measured to determine whether hypoxia induce oxidative stress in CMECs. The cells were exposed to hypoxic condition for 2 h, 4 h, 6 h, 12 h and 24 h. Up-regulation of ROS was detectable 6 h after hypoxic condition and was consistently observed after exposure to hypoxia for 12 and 24 h ([Fig. 2A](#pone-0080342-g002){ref-type="fig"}).

![Hypoxia increases ROS production and apoptosis of CMECs.\
A: Representative immunofluorescence imagines of ROS formation (red fluorescent), apoptosis (TUNEL, green fluorescent) and DAPI (blue fluorescence) in CMECs under hypoxia condition for the indicated time points. (Scale bars: 20 µm) B: The average fluorescence intensity of DHE in each group. C: Quantification of the apoptotic CMECs was presented as the percentage of apoptotic cells. (n = 5,\**p*\<0.05 vs. control).](pone.0080342.g002){#pone-0080342-g002}

Concurrently, TUNEL assay was performed to analyze the effect of hypoxia on the apoptosis of CMECs. As representative photomicrographs shown in [Figure 2A](#pone-0080342-g002){ref-type="fig"}, TUNEL-positive cells were more frequently observed after hypoxic incubation for 6 h, 12 h and 24 h. Quantitative analyses revealed that the apoptosis index in CMECs was 9.33±1.53% under normoxic condition. The apoptosis index in CMECs under hypoxia for 2 h and 4 h was 11.67±1.52% and 12.73±1.43% respectively, which was higher than that in normal group but without significance (*p*\>0.05). However, the apoptosis index in CMECs under hypoxia for 6 h,12 h and 24 h was 28.07±3.61%, 33.13±2.03% and 36.43±1.51% respectively, significantly higher than that in normxic group (*p*\<0.05). These data suggested that hypoxia enhanced ROS accumulation in CMECs with increased apoptosis.

Hypoxia regulated the expression and intracellular localization of FoxO3a {#s3c}
-------------------------------------------------------------------------

To investigate whether hypoxia affect the steady expressions of FoxOs and HIF-1α, we analyzed the levels of FoxO1, FoxO3a and HIF-1α in CMECs under hypoxia and normoxia condition. Western blot assay revealed that hypoxia led to a significant increase in the expressions of FoxO3a and HIF-1α within 6--24 h, whereas the FoxO1 expression remained essentially unaltered ([Fig. 3A,B,C](#pone-0080342-g003){ref-type="fig"}). FoxO transcription factors can be phosphorylated by Akt which stimulate FoxO3a exporting from the nucleus, binding with 14-3-3 protein, and eventual proteasomal degradation. Therefore, we evaluated the phosphorylated status of Akt and FoxO3a to investigate whether hypoxia affects their activations. Representative results and quantitative analyses ([Figure 3A, D and E](#pone-0080342-g003){ref-type="fig"}) revealed that the expression of phospho-Akt was significantly decreased in the CMECs under hypoxic condition. Moreover, hypoxia also decreased the expression of p-FoxO3a, indicating that hypoxia impaired Akt activation followed with decreased phosphorylations of FoxO3a. Furthermore, immunofluorescence stain was performed to analyze the subcellular localization of FoxO3a. In normoxia condition, the FoxO3 protein was mainly localized in the cytoplasm with only 5.9% of the protein detectable in the nuclear fraction. Consistent with earlier studies in neuronal cells, hypoxia caused rapid nuclear accumulation of FoxO3a in CMECs within 6 to 24 h ([Fig. 4A](#pone-0080342-g004){ref-type="fig"}). Quantitative analyses revealed that the percentage of CMECs with nuclear localization of FoxO3a was 44%, 77% and 82% after hypoxia injury for 6 h, 12 h and 24 h respectively ([Fig. 4B](#pone-0080342-g004){ref-type="fig"}).

![Hypoxia increases the expressions of HIF-1α, decreased the activity of Akt and regulates the expressions of FoxOs in CMECs.\
A: Representative Western blots of HIF-1α, pAkt, Akt, FoxO1, FoxO3a, pFoxO3a in CMECs subjected to hypoxic injury. B: Semiquantitative analysis of HIF-1α. C: Semiquantitative analysis of FoxO1 and FoxO3a at the indicated time point. D: The ratios of p-Akt/total Akt at the indicated time point. E: The ratios of p-Akt/total Akt at the indicated time point. (n = 5,\**p*\<0.05 vs. control, \# *p*\<0.05, NS: not significant).](pone.0080342.g003){#pone-0080342-g003}

![Hypoxia promoted FoxO3a nuclear location.\
A: Representative immunofluorescence staining for subcellular localization of FoxO3a (green fluorescent) in CMECs under hypoxia condition for the indicated time points. (Scale bars: 20 µm) B: Quantification of FoxO3 nuclear or cytoplasmic localization in CMECs (n = 5).](pone.0080342.g004){#pone-0080342-g004}

HIF-1α modulated the hypoxia-induced FoxO3a expression in CMECs {#s3d}
---------------------------------------------------------------

To assess the contribution of HIF-1α to hypoxia-mediated FoxO transcription factors expression, we used siRNA to inhibit the activation of HIF-1α. Western blot results revealed that HIF-α rapidly accumulated in CMECs under hypoxia condition which was reduced by more than 90% after transiently transfected with HIF-1α siRNA ([Fig. 5A,B](#pone-0080342-g005){ref-type="fig"}). Real-time PCR results demonstrated that hypoxia increased the mRNA level of FoxO3a which was abolished by HIF-1α silencing, indicating that HIF-1α increased the transcription of FoxO3a. Moreover, the hypoxia-increased mRNA levels of Bim and Bcl-xl were also abolished by HIF-1α silencing (Figure-S1). Concomitantly, inhibition of HIF-1α by siRNA abolished the increased total FoxO3a protein expression ([Fig. 5A,C](#pone-0080342-g005){ref-type="fig"}) in hypoxia-mediated CMECs without affecting the protein level of FoxO1 ([Fig. 5A,F](#pone-0080342-g005){ref-type="fig"}). These data indicated that the hypoxia induced FoxO3a expression in CMECs was modulated at least in part by HIF-1α. Moreover, HIF-1α silencing also abolished the hypoxia-induced increase of Bim expression and decrease of Bcl-xl level ([Fig. 5A,G,H](#pone-0080342-g005){ref-type="fig"}). Furthermore, we evaluated the effects of HIF-1α on the phosphorylated FoxO3a. The representative Western results and quantitative analyses revealed that hypoxia significantly decreased the ratios of phospho-Akt/total Akt and phospho-FoxO3a/total FoxO3a, which were not affected by HIF-1α ([Fig. 5A,D,E](#pone-0080342-g005){ref-type="fig"}). These data indicated that HIF-1α increased the transcription of FoxO3a which results in hypoxia increased FOXO3a protein synthesis.

![HIF-1α modulated the hypoxia-induced FoxO3a expression in CMECs.\
A: CMECs were incubated with siRNA directed against HIF-1α (HIF-1α siRNA) or scrambled oligonucleotide control RNA (Crt siRNA) and then subjected to hypoxia for 6 h. Western blot assay was performed to evaluate the expressions of HIF-1α, p-Akt, Akt, FoxO1, p-FoxO3a, FoxO3a, BimEl and Bclxl. The semiquantitative analysis of expressions of HIF-1α (B), FoxO3a (C), FoxO1 (F), BimEl (G) and Bclxl (H). D: the ratio of p-Akt/total Akt. E: the ratio of p-FoxO3a/total FoxO3a. The protein expression in CMECs treated with control siRNA (Crt siRNA) under normoxia condition was set as 100%.(n = 5,\**p*\<0.05, NS: not significant).](pone.0080342.g005){#pone-0080342-g005}

HIF-1α contributed to the hypoxia induced ROS accumulation and apoptosis of CMECs {#s3e}
---------------------------------------------------------------------------------

To get an insight into the role of HIF-1α on the hypoxic injury of CMECs, we assessed the ROS accumulation and apoptosis of CMECs transfected with HIF-1α siRNA. Inhibition of HIF-1α did not alter ROS production under normoxia, whereas significantly reduced ROS accumulation by 50% in CMECs under hypoxia ([Fig. 6A, C](#pone-0080342-g006){ref-type="fig"}). Meanwhile, inhibition of HIF-1α decreased the apoptosis of CMECs under hypoxia, without affecting the apoptosis of CMECs under normal condition ([Fig. 6B](#pone-0080342-g006){ref-type="fig"}). Quantitative analyses revealed that HIF-1α siRNA did not alter the apoptosis index in CMECs under normoxia (10.01±1.02%), compared with control siRNA (8.03±1.12%, p\>0.05). However, the apoptosis index of hypoxic CMECs with HIF-1α siRNA (15.33±1.53%) was significantly decreased compared with control siRNA (28.33±3.21%, p\<0.05) ([Fig. 6D](#pone-0080342-g006){ref-type="fig"}). These data indicated that HIF-1α contributed to the hypoxia induced ROS accumulation and apoptosis of CMECs.

![HIF-1α regulates the hypoxia-induced ROS accumulation and apoptosis in CMECs.\
A: Representative immunofluorescence imagines of ROS formation (red fluorescent) and DAPI (blue fluorescence) in CMECs incubated with HIF-1α siRNA or control siRNA (Crt siRNA) under normoxia or hypoxia condition for 6h. (Scale bars: 20 µm); B: Confocal imaging of cell apoptosis determined by TUNEL assay. Apoptotic nuclei were identified as TUNEL positive (green fluorescent) and total nuclei by DAPI counters taining (blue fluorescent). Scale bar represents 50 µm. C: The average fluorescence intensity of DHE in each group. D: Quantification of the apoptotic CMECs was presented as the percentage of apoptotic cells. (n = 5, \**p*\<0.05 vs. Crt siRNA plus normoxia, \# *p*\<0.05 vs. Crt siRNA plus hypoxia).](pone.0080342.g006){#pone-0080342-g006}

Endogenous FoxO3a affects the expressions of Bcl-2 family in hypoxic CMECs {#s3f}
--------------------------------------------------------------------------

The Bcl-2 proteins family regulates the process of apoptosis by the balance of pro- and anti-apoptotic proteins in mitochondria. Therefore, we performed Real-time PCR to evaluate the potential effect of FoxO3a on the mRNA level of Bcl-2 family. Our results revealed that FoxO3a silencing increased the mRNA level of Bcl-2 and Bcl-xl in CMECs under normal or hypoxia conditions. By contrast, FoxO3a silencing decreased the mRNA expression of Bim and Bax, indicating that FoxO3a regulated the transcription levels of Bcl-2 protein family (Figure-S2). Meanwhile, Western blot results revealed that FoxO3a siRNA transfection significantly decreased FoxO3a expression in CMECs under hypoxia and normoxia condition, whereas FoxO1and HIF-1α expressions remained essentially unaltered ([Fig. 7A--C](#pone-0080342-g007){ref-type="fig"}). Concomitantly, hypoxia increased pro-apoptosis protein Bim EL and Bax with decreased expressions of anti-apoptosis proteins BclxL and Bcl-2. Silencing of FoxO3a by siRNA increased the expression of Bcl-2 and BclxL ([Fig. 7A, E--H](#pone-0080342-g007){ref-type="fig"}). However, hypoxia -dependent up-regulation of Bim EL and Bax was mainly affected by depletion of FoxO3a. These data suggested that FoxO3a is responsible for the hypoxia induced disturbance of Bcl-2 family proteins.

![FOXO3a affects the expressions of Bcl-2 family proteins in CMECs.\
CMECs were incubated with siRNA directed against FoxO3a (FoxO3a siRNA) or scrambled oligonucleotide control RNA (Crt siRNA) and then subjected to hypoxia for 6 h. **A**: Representative Western blot of HIF-1α, FoxO1, FoxO3a and Bcl-2 proteins, including Bim EL, Bcl xl, Bcl-2 and Bax. The semiquantitative analysis of HIF-1α (B), FoxO1 (C), FoxO3a (D), Bim EL (E), Bcl xl (F), Bcl-2 (G) and Bax (H). The protein expression in CMECs treated with control siRNA (Crt siRNA) under normoxia condition was set as 100%.(n = 5, \**p*\<0.05).](pone.0080342.g007){#pone-0080342-g007}

FoxO3 silencing causes a decline in ROS production and apoptosis induced by hypoxia {#s3g}
-----------------------------------------------------------------------------------

In line with the hypothesis that FoxO3a is crucially involved in the ROS production in hypoxic CMECs, we analyzed the ROS accumulation and apoptosis of CMECs transfected with FoxO3a siRNA. As shown in [figure 8A and C](#pone-0080342-g008){ref-type="fig"}, FoxO3a silencing did not alter ROS production under normoxia, whereas significantly reduced ROS accumulation in CMECs under hypoxia. Similar results were observed in hypoxia induced apoptosis. Inhibition of FoxO3a had an attenuating effect on the apoptosis of CMECs under hypoxia ([Fig. 8B](#pone-0080342-g008){ref-type="fig"}). Quantitative analyses in [figure 8D](#pone-0080342-g008){ref-type="fig"} revealed that FoxO3a siRNA did not alter the apoptosis index in CMECs under normoxia (12.12±1.01% *vs.*10.67±1.53%, *p*\>0.05). However, the apoptosis index of hypoxic CMECs transfected with FoxO3a siRNA was significantly decreased compared with control siRNA (18.02±1.21% *vs.*35.37±1.52%, *p*\<0.05). These data indicated that FoxO3as may be responsible for cellular ROS fluctuations and apoptosis induced by hypoxia.

![FoxO3 silencing suppresses hypoxia-induced ROS production and apoptosis in CMECs.\
A: Representative immunofluorescence imagines of ROS formation (red fluorescent) and DAPI (blue fluorescence) in CMECs incubated with FoxO3a siRNA or control siRNA (Crt siRNA) under normoxia or hypoxia condition for 6 h. (Scale bars: 20 µm); B: Representative confocal imaging of TUNEL (green fluorescent) and DAPI (blue fluorescent) staining assay. (Scale bars: 20 µm) C: The average fluorescence intensity of DHE in each group. D: Quantification of the apoptotic CMECs was presented as the percentage of apoptotic cells. (n = 5, *\*p*\<0.05 vs. Crt siRNA plus normoxia, \# *p*\<0.05 vs. Crt siRNA plus hypoxia).](pone.0080342.g008){#pone-0080342-g008}

Discussion {#s4}
==========

It is well recognized that CMECs apoptosis induced by hypoxia injury is an important pathophysiological event in myocardium ischemic injury[@pone.0080342-Li1]. However, the underlying mechanism of CMECs hypoxic injury is still not fully understood. In the present study, we demonstrate for the first time that HIF-1α and FoxO3a play the central role in hypoxic injury of CMECs. Our data revealed that HIF-1α increases the expression of FoxO3a, but not FoxO1 under hypoxic stress. Furthermore, the activation of the transcription factor FoxO3a leads to ROS accumulation, and in parallel, induces the disturbance of Bcl-2 family proteins which are critical mediators of apoptosis in CMECs ([Fig. 9](#pone-0080342-g009){ref-type="fig"}).

![Proposed scheme for the mechanism that regulates hypoxia-induced injury in CMECs.\
Hypoxia stress increases HIF-1α expression, which subsequently promotes the transcription of FoxO3a and directly stimulates ROS formation. Meanwhile, hypoxia also inhibits the activation of Akt which results in decreased phosphorylation and degradation of FoxO3a. Thus, hypoxia increases FoxO3a translocation to nucleus and the transcription activities, which results in the elevated ROS accumulation and Bcl-2 protein family disturbance. In parallel, increased ROS formation also promotes the activity of FoxO3a which increases the pro-apoptotic proteins Bim and Bax and decreased the anti-apoptotic proteins Bcl-xL and Bcl-2. The disturbance of anti-apoptosis proteins and pro-apoptosis proteins induced by oxidative stress subsequently triggers the apoptosis of CMECs. Accordingly, FoxO3a plays a central role in hypoxia-induced ROS formation and apoptosis in CMECs.](pone.0080342.g009){#pone-0080342-g009}

The underlying mechanism of hypoxic injury is not fully understood. HIF-1α leads to the activations of multiple proteins which regulate various physiological functions under hypoxia stress[@pone.0080342-Nguyen1]. Furthermore, ROS have been demonstrated to mediate the proteolytic degradation of HIF-1α, indicating that HIF-1α level is regulated by the intracellular redox state[@pone.0080342-Wartenberg1]. Moreover, inhibition of ROS formation decreased HIF-1α protein expression[@pone.0080342-Bonello1]. These results demonstrated that ROS directly link HIF-1α expression. Consistently, we found that hypoxia increased ROS formation and the expression of HIF-1α in the present study. Meanwhile, HIF-1α silencing abolished the hyoxia-induced ROS formation, associated with decreased apoptosis in CMECs. Based on these results and previous published studies, we speculated of HIF-1α in the hypoxic injury to CMECs.

FoxO factors are key regulators of target genes involved in cell cycle, apoptosis and differentiation[@pone.0080342-Accili1], [@pone.0080342-Ronnebaum1]. Moreover, FoxO factors also regulate the cellular response to oxidative stress[@pone.0080342-Myatt1]. In this study, we assessed the expressions of both FoxO3a and FoxO1 in CMECs and identified a novel connection between FoxOs and hypoxia injury. Our results revealed that hypoxia resulted in a significant increase of the expressions of FoxO3a. Interestingly, the FoxO1 expression remained essentially unaltered in CMECs under hypoxia, indicating that FoxO1 might not be required in the hypoxic injury. FoxO transcription factors can be phosphorylated by Akt. These phosphorylations stimulate FoxO3a exporting from the nucleus, binding with 14-3-3 protein, and eventual proteasomal degradation. In the previous study, our results revealed that hypoxia significantly decreased the expressions of phospho-Akt and phospho-FoxO3a, indicating that hypoxia impaired Akt activation followed with decreased phosphorylations of FoxO3a. Moreover, hypoxia also affected the intracellular localization of FoxO3a. FoxO3a were localized predominantly in the cytoplasm in CMECs under normoxia, indicating that FoxO3a was inactive with proteasomal degradation. However, hypoxia increased FoxO3a nuclear location, associated with HIF-1α activation, which is consistent with previous studies[@pone.0080342-Samarin1].

Although the mechanism by which hypoxia increases FOXO3a synthesis is still unclear. A direct protein-protein interaction of HIF-1α and FoxO3a has been demonstrated in previous study, suggesting that FoxO3a may be a direct target of HIF-1α. Consistently, our results revealed that hypoxia increased the mRNA level and total protein expression of FoxO3a, which were both abolished by HIF-1α silencing. Conversely, HIF-1α silencing did not affect the FoxO1 expression. Moreover, there was no difference of the phosphorylated FoxO3a expression in CMECs with or without HIF-1α silencing, indicating that HIF-1α had no effect on the phosphorylation statuse of FoxO3a. Therefore, these data indicate that HIF-1α increases the FOXO3a protein synthesis by promoting the transcription activity.

Physiological levels of intracellular ROS generation act as second messengers, which are deemed necessary for normal cellular function. Excessive ROS generation may provoke a state of oxidative stress, associated with pathophysiological progression in many diseases [@pone.0080342-Ali1], [@pone.0080342-Gonzalez1]. The intracellular changes during ischemia, including accumulation of H^+^ and Ca^2+^ as well as the disruption of mitochondrial membrane potential, lead to the formation of ROS[@pone.0080342-Singal1], [@pone.0080342-Dvoriantchikova1]. Furthermore, ROS accumulation directly activates the pathways of stress response, subsequently resulting in apoptosis and impaired cellular functions[@pone.0080342-Morey1], [@pone.0080342-Sanada1]. Meanwhile, many apoptotic stimulations, including treatment with TNF-α[@pone.0080342-Kim2], lipopolysaccharide (LPS)[@pone.0080342-Du1] and growth factor withdrawal[@pone.0080342-Jiang1] can stimulate the ROS generation by mitochondria. On the other hand, antioxidants, such as *N*-acetylcysteine, thioredoxin and MnSOD can block or delay apoptosis[@pone.0080342-Oh1]. Taken together, ROS has been considered as the trigger and the regulator of apoptosis. In the present study, our results revealed that hypoxia promoted the ROS formation and increased apoptosis in CMECs, which is in line with the speculation for a pivotal role of oxidative stress in the onset of apoptosis in ECs[@pone.0080342-Kou1].

FOXO regulates pro-apoptotic genes, which are necessary to induce apoptosis. Meanwhile, ROS-induced cell death was suppressed by FOXO3a mutant[@pone.0080342-Nakamura1]. Moreover, FOXO family was strictly regulated in response to oxidative stress. On the other hand, ROS production is also modulated by the transcription activity of FoxO3a[@pone.0080342-Ferber1]. These findings indicate that FOXO is a key regulator of ROS-induced apoptosis in mammalian cells. In the present study, we observed that siRNA-target knockdown of FoxO3a suppressed hypoxia induced ROS accumulation in CMECs, indicating that hypoxia induced ROS formation is required for FoxO3a. However, these results are in conflict with those of previous studies reporting that FoxO3a regulates detoxification of ROS[@pone.0080342-Ferber1] and modulates the protective effects against oxidative stress-derived cellular damage[@pone.0080342-Kops1]. One possible explanation for the discrepancy is that the function of FoxO proteins has been shown to be highly context-specific and may differ in different cells and stimulations. Therefore, the detailed relationship between FoxO3a and ROS stress needs further investigation.

Apoptosis is the process of programmed cell death which can be induced by the extrinsic pathway or by the intrinsic pathway. Members of the Bcl-2 family are the critical regulators of intrinsic pathway in apoptosis by controlling the balance of pro- and anti-apoptotic proteins at the mitochondria[@pone.0080342-Harford1]. Bcl-2 family is divided into pro-apoptosis subgroup (Bcl-2, Bcl-XL) and anti-apoptosis subgroup such as Bax and Bim. The ratio of pro- and anti-apoptotic proteins determines cell fate at the level of mitochondria[@pone.0080342-Harford1]. FoxO3a has been shown to mediate apoptosis by regulating the target genes including *Bim* [@pone.0080342-Hagenbuchner1]. Furthermore,previous study demonstrated that FoxO3a stimulates the pro-apoptotic proteins Noxa and Bim, which leads to the release of cytochrome c in neuroblastoma cells[@pone.0080342-Hagenbuchner1]. Importantly, Bim also triggers ROS accumulation and remarkably reduces mitochondrial respiration[@pone.0080342-Lee1], [@pone.0080342-Luo1]. In the present studies, we observed that hypoxia increased apoptosis in CMECs, which was abolished by inhibition of HIF-1α and FoxO3a respectively. Moreover, the pro-apoptosis proteins Bim EL and Bax were increased, whereas, the expressions of anti-apoptotic BclxL and Bcl-2 were decreased under hypoxia, which is in line with previous study. Furthermore, hypoxia induced disturbance of Bcl-2 family proteins was also abolished by FoxO3a silencing. These data suggest that the hypoxia-induced apoptosis is triggered by the disturbance of Bcl-2 family, which are critical downstream mediators of FoxO3.

In this study we used *in vitro* cell model to dissect the regulation of hypoxia injury in CMECs. Although the hypoxia model used here is useful to exclude the influence of neural and other humoral factors in vivo, this artificial model cannot fully simulate the *in vivo* ischemic environment. Moreover, the detailed relationship between FoxO3a and ROS stress was not extensively elucidated in this research. Therefore, further studies are needed to thoroughly understand the mechanism of hypoxia injury in CMECs.

In conclusion, our data provide evidence for an essential role of FoxO3a in hypoxia-induced ROS formation, which is mediated by HIF-1α. Furthermore, FoxO3a induces Bcl-2 family disturbance which triggers the apoptosis of CMECs. This dual effect of FoxO3a seems critical in the regulation of hypoxic injury in CMECs. Taken together, these data collectively demonstrate that HIF-1α induced FoxO3a activation plays a central role in hypoxia-induced ROS formation and apoptosis in CMECs.
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(TIF)

###### 

Click here for additional data file.
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